Safety Guide 100
DESIGN GUIDE FOR PACKAGING AND OFFSITE TRANSPORTATION
OF NUCLEAR COMPONENTS, SPECIAL ASSEMBLIES, AND RADIOACTIVE

MATERIALSASSOCIATED WITH THE NUCLEAR EXPLOSIVES
AND WEAPONS SAFETY PROGRAM

CHAPTER 3.0

THERMAL ASPECTS

November 7, 1994

MARTIN MARIETTA ENERGY SYSTEMS, INC.

Oak Ridge, TN 37830



THISPAGE INTENTIONALLY LEFT BLANK

Safety Design Guides.ch3/gs/11-7-94 ii



CONTENTS

Page
ACRONY M S Vv
3.0 THERMAL ASPECT S . . e e 31
3.1 INTRODUCTION ...ttt e e e e e e e e e e e e e e e 31
B L L SO it 31
312 APPIOACH .. 32
3.2 THERMAL DESIGN CONSIDERATIONS ... ... e 33
321 ApplicableRegulations . ....... ... 33
3.22 RequirementsRelatingto Thermal Issues . .......... ... ... 34
3.2.3 Package Featuresand Their Thermal Requirements  ........................ 37
3.24 Payload-Dependent Strategy . . ... ..ot 3-16
3.25 Container Design Example Section ... 3-20
3.3 CALCULATIONAL METHODS FOR PACKAGE DESIGN SCOPING ............. 3-31
331 Rulesof Thumb . ... ... 3-31
332 CdculationsDoneby Hand . ........... i 3-34
333 Modeing TeChNIQUES . . . . ..ot e e e 348
3.4 TESTING NECESSARY TO MEET 10 CFR 71 REQUIREMENTS ... .............. 3-53
34.1 Physical TestingMethods ........ ...t i 3-54
342 Anaytical Methods . ... ... 3-56
35 QUALITY ASSURANCE . ..t e e e 3-58
3.6 REFERENCES . . ... 3-61

Safety Design Guides.ch3/gs/11-7-94 iii



FIGURES

Figure Page

3.1 Basic package design using cellulitic fiberboard for thermal insulation/impact limiter ... 3-26
3.2 Compartmentalized package design that reduces offgas flow to inner container

during hypothetical thermal accident . ........... .. ... . i 3-27
3.3 Package design using aluminum packing around package content to distribute

internally generated heat . . ... ... . e 3-29
3.4 Package design using conduction barsto direct internally generated heat out of the

INNEN CONLAINEY . . . . ottt e e e e e e e e e e e e e e et e e e e 3-30
3.5 Temperature difference (package surface - ambient) versus package surface areafor

several package heat generation rateS . ...... .. ..o 3-33
3.6 Layout of packageusedforexample3 ......... .. . i 3-43

TABLES

Table Page
3.1 Simple convection heat transfer coefficient for air (\W/m-k) ........................ 3-36
3.2 Determination of convective flow regime (laminar or turbulent) .................... 3-37
3.3 Advantages and disadvantages of various thermal accident test methods .............. 3-55

Safety Design Guides.ch3/gs/11-7-94 iv



CFR
DOE
DOT
IAEA
QA
SARP

ACRONYMS

Code of Federal Regulations
Department of Energy

Department of Transportation
International Atomic Energy Agency
Quality Assurance

Safety Analysis Report for Packaging

Safety Design Guides.ch3/gs/11-7-94 %



THISPAGE INTENTIONALLY LEFT BLANK

Safety Design Guides.ch3/gs/11-7-94 Vi



3.0 THERMAL ASPECTS

31 INTRODUCTION

3.11 Scope

This guide is applicable to packages that are to be used to transport radioactive weapons
components, radioactive special assemblies, and special nuclear materials. The purpose of thisguideis
to help the designer of these packages deal with the thermal issuesthat must be addressed to ensure the
safety of the public and the integrity of the package. It is assumed that the user of thisguideisgeneraly
familiar with the field of heat transfer, although no advanced knowledge is required. This guide also

generally assumes that Type B packaging is being designed unless otherwise stated.

Theintent of thisguideisto bring together useful information that can be used during the design
phase of package development. Instead of trying to place all of the information necessary for package
design in this single guide, the purpose is to give a basic understanding of the principles involved.
Additionally, in some cases, references are given that direct the designer to more detailed information.
Thisguideincludes brief descriptions of regulations which must be satisfied to have packages certified
for use (Subsects. 3.2.1 and 3.2.2) and, probably more importantly, references that tell the designer
exactly where both the regulations and interpretations of regulations can be found. Information is also
given concerning basic package design, calculational methods for design work, and (briefly) methods

of proving compliance in a Safety Analysis Report for Packaging (SARP).

The discussion of the basic design of the package is broken into several groups: first, a section
about design questions dealing with either components or physical features of the package itself

(Sect. 3.2.3), and second, a section that addresses the importance of any heat source that can be
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associated with the package content (Sect. 3.2.4). Specifically, this section discusses different design
strategies depending on whether the package contents generate a relatively large amount of heat or a
small amount of heat. Thefinal section of this chapter deals with designs that have been used beforein
the weapons complex, including both failed and successful designs. It ishoped that by including designs

that have failed, similar mistakes can be avoided and resources conserved.

A discussion of the calculational methods that may be used during design, including a variety
of techniques from simple to advanced, can be found in Sect. 3.3. For the simple methods, a special
emphasis has been placed on giving examples, whereas for the more advanced methods, the emphasis

ison ageneral description coupled with references for more detailed explanations.

The fourth section deals briefly with methods of meeting the requirements that are specified in
the Code of Federal Regulations (Sect. 3.4). A successful design will ultimately result in a packaging
certificate being issued based on a SARP, which shows conformance to the guidelines set forth in the
federal regulations. Although this guide is not intended to deal with these issuesin detail, a discussion
of package design would not be compl etewithout someinformation regarding theseregulationsand how

to meet them.

The final section, Sect. 3.5, describes Quality Assurance activities which should be part of a

package’s thermal design.

3.1.2 Approach

This guide is not intended to contain a recipe for designing all packages. The design of a new

package needed in the weapons complex represents achallenge. The fact that anew packageisrequired
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indicates that the packaging need is unique (otherwise an existing package could be used). Along with
this challenge may come some details that can not be foreseen. Thus, it cannot be guaranteed that all
future questionsareanswered inthisdocument. Although thisguide does contain some emphasison past
mistakes made by package designers, it isimpossible to anticipate all future problems. Following this

guide does not assure certification of a package design.

Much of the text reflects lessons learned during the certification process. Individuals in the

weapons complex were consulted and information gained from them isincluded in this guide.

This guide isintended to assist the designer of Type B packages. The guide cannot address all
possible circumstances and, therefore, it is the responsibility of the designer to apply good engineering
judgement. Following this guide in no way alleviates the designer’s responsibility for the package and

itsimpact on public health and safety and the environment.

3.2 THERMAL DESIGN CONSIDERATIONS

3.2.1 Applicable Regulations

To have a package certified for the transportation of radioactive materias (i.e., weapons
components, special nuclear assemblies and special nuclear materials) all of the qualifications stated in
the Code of Federal Regulations (CFR) No. 10, Part 71 (10 CFR 71), titled Packaging and
Transportation of Radioactive Materials,™ and 49 CFR Parts 100-178 must be met.? Although the
CFR forms the basis for certifying a radioactive material shipping package for use, other regulations,
U.S. Department of Energy (DOE) Orders and Department of Transportation (DOT) regulations, that

must be met for the shipment of weapon componentsand special nuclear assemblies. Theserequirements
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are fully outlined in Chap. 1 of this document. For thermal aspects, the tests for qualification are
specified in 10 CFR 71, Subpart F, which contains the sections 10 CFR 71.71, "Normal Conditions of
Transport,” and 10 CFR 71.73, "Hypothetical Accident Conditions." Currently, proposed revisions to
10 CFR 71 are being considered. These revisions would bring packaging requirements in the United
Statesmorein linewith those of the International Atomic Energy Agency (IAEA) which used elsewhere
in the world. In most cases, the proposed changes are slightly more stringent than the current
regulations. These changes are expected to be approved in the near future. Specific regulationsreferred

to in this chapter are from the proposed revisions.

3.22 RequirementsRelating to Thermal Issues

This guide does not describe procedures for testing (analytically or physically) for the
certification of a proposed package design. According to the regulations, the testing requirements are
the design criteriafor the package; thus, it isimpossible to separate package design from certification
requirements. The following section describesthe various requirementsoutlined in 10 CFR 71 and how

they affect the design process.

3.2.2.1 Specific thermal requirements

In general, two modes of package transport are addressed in the regulations—normal and

accidental. Normal refers to conditions the package may experience on a typical operating day, and

accident refersto aseriesof abnormal eventsinwhich the package may be damaged. The circumstances

that constitute each of these conditions are stipulated in 10 CFR 71.
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For the usual case (Type B packaging), the most severe thermal environment that the package
must be ableto withstand isahypothetical accident involvingan 800°C (1475 °F) firethat lastsfor 1800
S (30 min). The package is exposed to this environment after a series of other accident conditions,
including a 9-m drop onto an unyielding surface and prior to immersion in 15 m of water. After this
series of tests, the integrity of the package must remain such that the public is not placed at risk during
or after such an accident. It is not required that the package content remain operable through thistest,
only that containment and shielding be intact and that a criticality event does not occur in the ease of
fissile material. Additionally, certain normal conditions of transport scenarios exist that are not nearly
asrigorous. However, both the package and its content must not only survive these conditions but also
be fully functional after these conditions have been met. Following normal conditions of transport a
package may appear visually fully functional, however it must be shown that there is no substantial

reduction in the effectiveness of the package (refer to 10 CFR 71.43(f)).

Normal Conditions

For normal conditionsof transport, somethermal regul ationsexplicitly apply to the package. The
normal conditions are divided into two different categories, shaded and insolated. It may be necessary
to perform calculations based on each of these situations. Additionally, normal condition regulations

differ depending upon method of shipment (exclusive use or non-exclusive use shipments).

For the shaded case, 10 CFR 71.43 (g) requires that, for the package to be shipped in a
nonexciusive shipment, it must have no accessi ble surface with atemperature greater than 50°C (122°F)
when placed in shaded, still air at 38°C (100°F). For an exclusive-use shipment, the temperature limit

is85°C (185°F) for the same ambient conditions.
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No specific quantified thermal requirements exist for the insolated case; however, the package
must remain fully functional (i.e., with respect to containment, shielding, and criticality) when exposed
to the stipulated heat flux and all materials of construction must remain stable and useable. Included in

10 CFR 71.71(c) is atable containing solar heat flux, datato be used for calculational.

One additional requirement in 10 CFR 71.71 (c)(2) is that a package must also remain fully
functional when exposed to an ambient temperature of -40°C (-40°F). The most common problem for
packages at lower temperatures is associated with metal components becoming brittle and thus
susceptibleto cracking. M ost metalsundergo adistinct physical change at somelow temperature, which
causes the material to become much more brittle. The property is often referred to asthe ductile/brittle
transition temperature. All major metal components (and possibly all metal components) chosen should
have aductile/brittle transition temperature of lessthan -40°C. Additionally, some componentsthat are
not made of metal may become brittle or just generally lose the ability to perform some of the functions
for which they were selected. Sealsarelikely source of problemsat low temperatures. Some el astomeric
sealsmay lose the elastic propertiesthat allow them to seal, while metal seals may shrink so much that

containment is|ost.

Accident Conditions

Thethermal accident condition specifiedinthefederal regulationsisgenerally an 1800-s, 800°C
hydrocarbon fuel fire. Specifics concerning the hypothetical thermal accident test are found in 10 CFR
71.73(c)(3). Althoughitisnot necessary for the packageto remain fully operabl ethroughout the duration
of the test, criticality and shielding functionality must remain intact. Additionally, containment of the
radioactive material must continue, although the definition of containment is somewhat altered

(lessened) when compared with that for normal conditions.
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3.2.2.2 Other requirements affected by thermal aspects

Most failuresof packagesdueto thermal insult are caused by some component being overheated,
which resultsin some change in physical properties of the component (i.e., melting of aseal that allows
release of material being shipped). Other forms of failure due to thermal insult can be the result of
thermal expansion or constriction. Most materials experience achange in density when heated, and the
vast mgjority of materials expand during this process. Generally, two phenomena of thistype should be
accounted for in the design of a shipping package: expansion of gases as well as expansion and phase

change, including both liquids and solids.

3.2.3 Package Featuresand Their Thermal Requirements

This section discusses how the various features of a package relate to thermal conditions
surrounding the package. The package features are divided into two categories: package performance
components (Subsect. 3.2.3.1) and physical systems (Subsect. 3.2.3.2). In general, the package
performance components comprise the actual functionsthe package will perform, whereasthe physical
systems are the actual systems that perform these functions. Material properties that affect thermal

performance are discussed in the physical systems category.

3.2.3.1 Package perfor mance components

A package must be designed to ensure the safety of the public by maintaining containment of
the material being shipped, by shielding from any radiation produced by the package content, and by
providing a geometry that prevents a criticality event. The impact of thermal issuesisdiscussed in the

following paragraphs with reference to each of their functions.
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Containment

The most likely breach of package integrity due to thermal incident circumstancesis a loss of
containment. Containment criteriadefined in 10 CFR 71 (detailed discussion of these criteriais found
in Chap. 4) aredifferent for some variousisotopes. Theloss of containment ismost likely to occur when
asea on theinner container fails and allows some or all of the package content to escape. The failure
of thisseal asit relatesto thermal insult ismost likely during or after an accident scenario such asafire.
Therefore, it isimportant to know the maximum temperature the seal can withstand. A leak rate of A,

per week is permissible after such an accident scenario.

Shielding

To protect the public and the environment, packages used to transport either neutron- or
radiation-emitting materials must employ some type of shielding. Typically, radiation shielding is
performed by adense material with ahigh Z number (i.e., lead), and neutron shielding is performed by
amaterial with ahigh atom concentration of low mass number (i.e., hydrocarbons). For packages with
relatively low emission rates, it may be possiblefor the metallic components of the containment system
toprovidetheshielding properties. Themost common loss of shieldingincident dueto athermal incident
would occur as aresult of some type of phase change in the shielding material. Generally, thisisnot a
problem for weapons packages, but |oss of shielding dueto either the melting of shielding material (i.e.
radiation shield) or burning or pyrolysis (i.e. neutron shield) can result in severe circumstances.
Examples of loss of shielding include combustion of hydrogenous materials or decomposition of plastic
materials that are used as shields. A general design guideline would be not to take credit, for shielding
purposes, for any material that may belost during athermal (or any other type) accident. When making

assumptions in the package design phase, it is best to be very conservative concerning what and how
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much material may belost during an accident. Limits should not be pushed when shielding systems are

designed.

Criticality

Generally, criticality control isprovided by geometric spacing and containment sealing. In some
cases, it is possible to create a criticality event by simply flooding the contents of a package. Thus,
containment isacrucial factor in ensuring that criticality events do not occur. Chapter 6 discusses the
specifics about criticality and Chap. 4 addresses seal design and containment control. Safe geometric
spacing is provided by designing packages such that even if several packages contact one another, itis
impossible for their contents to be close enough to cause a criticality event. In criticality control, it is
necessary to consider a situation resulting in the worst possible damage to the package. Criticality
problems caused by thermal events would normally be associated with either of two events: loss of
insulating material used to control geometric spacing; or physical change in amaterial used asapoison
(i.e., melting) whichwould makeit ineffective. Worst-case scenarios must be consi dered when designing

criticality control systems.

3.2.3.2 Physical systems

Thissectionincludesadiscussion of the various systems contained on someor all packagesthat

are used to ensure that various thermal situations that may be encountered by the package do not

adversely affect the performance of the package.
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Thermal Protection

This section includes a discussion of the various methods by which heat is either kept out of
(under accident conditions) or removed from (dueto significant internal heat generation) apackage. For
completeness, a section discussing various physical properties that relate to thermal issues has been

included.

Features (insulation, fins, conduction paths, etc.). Packages used in the shipment of radioactive
material must be capabl e of withstanding intense thermal environmentswhile preventing the rel ease of
contents and maintaining shielding and nuclear subcriticality. Achieving this capability requires use of
construction materials that enabl e the package to withstand serious thermal insult. Insulating materials
are usually used to slow the transfer of heat toward the package content during a thermal accident
condition. Often, the material used to provide thisthermal protectionis also used to increase structural
stability. For packages designed to carry contents with significantly large heat sources, the issue of
thermal protection becomes much more complicated. For this case, the insulating material must work
effectively to reduce the heat added to the package during an upset condition while allowing internally
generated heat to escape under normal conditions. These are conflicting requirements that must be

carefully balanced during the package design process.

Other forms of thermal protection can be employed as long the systems are passive in nature.
Passive systems, such as heat pipes, can be used, but their viability in the event of an accident must be
demonstrated before package certification. Finscan also be usedtoincreasetherate of heat transfer from
the package content to the package’s surroundings. However, fin cooling systems can also increase the
rate of heating to the interior portions of the package during an accident scenario. One possibility isto

makethefinsof amaterial that isstableat lower (normal condition) temperatures but experiencesaphase
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change at el evated temperatures (accident condition). The problem with thisdesign theory isthat, while
the fins may melt when exposed to the accident scenario outlined in 10 CFR 71 (i.e. 800°C), they may
not melt if they were near but not fully immersed in such an accident. In this case, it is possible for the

finsto stay intact and actually increase the quantity of heat absorbed by the package.

Conduction pathways can be used to hel p remove heat from theinner contai ner on packageswith
asignificant internal heat generation. Any type of highthermal conductivity material can beused aslong
asit does not interfere with any of the package’s other functions. Special care must be taken to ensure
that such pathways do not allow heat an easy access to sensitive portions of the packaging during a

thermal accident situation.

Thermophysical Properties. Several properties affect how amaterial or group of materialswill
respond to athermal input. The discussion of these properties here is brief, and more information can
befound in most standard heat transfer texts. Several typical undergraduate level heat transfer texts are

referenced (this list is not exhaustive).FI4E ad €]

Thermal conductivity isameasure of amaterial’sability to conduct heat. Unitsfor this quantity
areexpressed in W/m-K, or more explicitly W-m/m?-K.. Metal s tend to be the most conductive class of
materials, but conductivity within this group varies greatly. Of the common materials used for
construction of packaging parts, aluminum is the most highly conductive with athermal conductivity
of about 240W/m-K. Carbon steel hasamuch lower conductivity of about 60 W/m-K, and stainless steels
have an even lower conductivity of about 15 W/m-K. Insulating materials, as their name suggests, have
amuch lower thermal conductivity, typically onthe order of 0.05 W/m-K, but this number is somewhat
misleading. Most insulating materials employ air pockets or gaps. Through this region of the material,

heat transfer is actually by natural convection and radiation, not conduction. In most cases, these other
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heat transfer mechanismsareless efficient than conduction; thus, the overall thermal conductivity of the
material isvery low. Ingeneral, solidsare more conductivethan liquids, which are more conductivethan
gases. However, insulating materials (which are usually considered solids) often display thermal
conductivities equal to or less than that of some liquids and gases since these materials are actualy a
mixture of solids and gases. Thermal conductivities of common materials can be found in most heat
transfer texts. For less common materias, Touloukian has published a very extensive compilation of
thermal conductivities.[” Only the thermal conductivity of amaterial is needed to cal cul ate steady state

conduction heat transfer rates.

Specific heat is a measure of the amount of energy it takes to heat a specified quantity of a
material a specified number of degrees. The units for this property can be expressed in kJ/(kg-K). The
heat capacity of most material sincreaseswithtemperature. Density isthe mass per volume of amaterial
and unitsarekg/m?. For most materials, density decreases astemperaturerises, although somematerials
may contract. All three of the material properties that are discussed so far (thermal conductivity, heat

capacity, and density) are needed to calculate non-steady state conduction heat transfer rates.

The only material property needed to calculate heat transfer rates due to radiation is emissivity
(or absorbtivity). Emissivity isameasure of how efficiently asurface of amaterial emitsradiant energy
compared with an ideal radiator (blackbody). The emissivity of a material surface can vary greatly
depending on the finish of the surface. For instance, the emissivity of stainless steel can vary from 0.17
(highly polished) to 0.90 (oxidized) depending on the finish of the surface. However, the advantages
of selecting amaterial of construction with alow emissivity, although it may actually help to protect a
package, are diminished by current interpretations of guidelines set forth in 10 CFR 71. Because
attaining, keeping, certifying, and documenting a specified surface finish on a package part may be

difficult, thisinterpretation may well be valid. Most applications of radiative heat transfer dealing with
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a package are for the package surroundings to the package exterior (or vice versa). However, if gaps
exist within the package, heat transfer across these gapswill be by radiation and convection (unlessthe

space is avacuum, in which case heat transfer is only by radiation).

Several properties must be known for the cal culation of convection heat transfer, and they will
alwaysbefluid properties(i.e., either gasor liquid). Thefluid properties needed to calcul ate the natural
convection heat transfer coefficient are dependent on the correlations used, but generally the properties
are fluid viscosity, density, volumetric thermal expansion coefficient, thermal conductivity, and heat
capacity. For the vast majority of cases, the fluid will be air, although some other liquids, such as
nitrogen and helium, are used in package design. Properties for these fluids can be found in most heat

transfer texts.

One of the most important physical attributes involving thermal aspects of package design is
decomposition of construction materials at elevated temperatures. This type of process is usually
associated with compounds such as natural fibrous materials and compounds used to make seals (i.e.,
rubbers, etc.). Many forms of decomposition exist, from simple dehydration to pyrolysis to actual
combustion. Dehydration isthe act of vaporizing free water (H,O molecul esthat are not bonded to other
molecules), which typically then leaves the material (the vapor is driven off by a buoyancy gradient).
Dehydration is usualy the first step in decomposition for most materials which contain free water.
Because a significant amount of energy is required to vaporize the water to steam, this acts as an
important method of heat absorption. In fact, one of the reasons that the common insulating material
Celotex™ is such a good material for protection during athermal accident isthat it naturally contains
a large volume of free water, which goes through the process described above at temperatures near
100°C. During this process, energy that would have otherwise gone toward heating the package is used

to make steam, which, for the most part, then escapes the package. Although the loss of free water to
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vaporizationisusually good for package thermal characteristics, thelossof the hydrogen moleculesmay
negatively affect the package’s shielding capabilities. Obviously, there needs to be some sort of
trade-off, such that shielding remainsintact whileinterior package temperatures do not increase enough

to cause aloss of containment. Design cal cul ations should be conservative in nature.

Further decomposition cantake place astemperaturesrise. If the decomposition processproceeds
with oxygen present, theresult typically iscombustion; if oxygen isnot present, the processispyrolysis.
These processes can be either exothermic or endothermic and should be examined for each material that
is considered for construction of athermal barrier or structural impact limiter. If these processes are
endothermic, like the dehydration process, these processes may in fact assist in keeping the package
interior from experiencing crippling thermal exposure. Typically, the decomposition process-whether
it be combustion, pyrolysis, or acombination—isvery complicated, especially for natural materialsthat
are not homogeneous. For most cases, the specifics of the decomposition process are not fully

characterized; thus, conservatism isimportant when dealing with this aspect of package design.

Structural Design Featuresthat Affect Thermal Aspects

A measure of the rate at which different solid materials expand or contract is called the
coefficient of thermal expansion. Typically, the rate of expansion of a material is expressed in one of
twoways, aslinear expansion or asvolumetric expansion. Unitsfor these propertiesare expressed either

as cm/cm-°C or as cm*/cm?®-°C, respectively.

Under normal circumstances, only metallic memberscontain enough structural strengthto damage
other parts; thus, linear thermal expansion is usually considered only in relation to metal parts. The

anticipated expansion of amember is cal culated as aproduct of the estimated changein temperature due
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to thermal assault, the thickness of the member, and the coefficient of thermal expansion. Theresulting
answer will have units of length and will indicate the change in the dimension of the member being

considered.

Volumetric thermal expansion ismost often associated with seals. If aseal shrinks considerably
under cold conditions, the water-tight or leak-tight seal may be lost; thus, containment may no longer

be intact.

Consequencesof linear thermal expansion problems asthey relateto container structural integrity
are covered in Chap. 2; consequences of volumetric thermal expansion (or shrinkage for lowered
temperatures) are discussed in Chap. 4. In general, linear thermal expansion problems can easily be
avoided by any one of severa methods. These methods include designs that |eave enough clearance
between adjacent package partsto allow for thermal expansion, the selection of materials that have an
increased coefficient of thermal expansion from the center to the outside of the package, or the use of
similar materials of construction such that the coefficient of thermal expansion is the same for all
metallic materials. In general, volumetric thermal expansion problems can be avoided by careful

selection of sealing materials such that sealswill remain intact at low temperatures.

Expansion of fluids contained within a package can create high stresses on structural members
of the package. Generally, gases expand at aratethat isnearly linear with absolute temperature. Liquids
expand, too, but not as greatly. Thelargest change in volume for afluid involves aliquid that is heated
to the boiling point and initiates achange of phaseto gas. In this case, change of volume, or consequent
change of pressure, can be very severe, thus stressing structural members. This subject is covered more

thoroughly in Chap. 2.
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Pressure Vents, Valves, etc.

In general, the use of pressure vents and valves is discouraged on packages in the Weapons
Complex. Pressure vents and valves should be used only if they are absolutely necessary and must
comply with 10 CFR 71.43(e). If they are used, the concept of a fail-safe mode must be applied, and

regulators must be convinced that a fail-safe situation does exist.

3.2.4 Payload-Dependent Strategy

By definition, packagesthat carry radioactivematerial shaveinternal heat generation. Thesource
of thisheat isenergy given off by the natural radioactive decay of the package content. In most weapons
complex applications, the amount of heat given off by the contentsisnegligiblei.e. the amount of decay

heat is so small that it does not appreciably affect package performance. As previously mentioned in

Subsect. 3.2.3.2, thermal design of packages is much more complicated for a package that contains a
significant heat source (for theweapons complex, thissituationisgenerally limited to certain plutonium
isotopes and their oxides). If a package does not contain a significant heat source, the sole function of
the thermal portion of the design isto keep heat away from the containment vessel. When a significant
internal heat source exists, thermal protection from ambient conditions can cause high containment

vessel temperatures.

3.2.4.1 Payload with weak heat source

In general, when a package is being designed for shipping a material that is not a strong heat

source, the emphasisof the thermal designison being ableto withstand a postul ated accident condition.
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For this case, the highest surface temperature under normal conditions of transport for an uninsolated

container is equal to the ambient temperature (i.e., 37.8 °C).

Conditions caused by direct insolation could possibly cause degradation of some materials of
construction. If the maximum temperature reached on the exterior surface of the package, whenisolated,
islessthan the minimum degradation temperature for all of the materials of construction, only accident
conditions need to be considered in the thermal portion of the design process although thisfact must be
explicitly stated in the SARP. For most cases, the maximum exterior package temperature with direct
insolationislessthan 100°C, and constructing a package of amaterial that would degrade at such alow

temperature would be somewhat unusual.

If no materials with low degradation temperatures are called for in the design of the package,
the main area of concern for a low heat source package is with respect to the hypothetical thermal
accident. Obviously, the main strategy isto not allow enough heat into the package to damage the seal
which ensures containment. The most common method for doing thisisto use athick layer of thermal
insulation between the inner containment vessel and outer drum. Most current designs use a single

material as both an insulator and a primary impact absorber.

Some crushing will usually occur when a package is subjected to the 9-m drop. This crushing
of theinsulation can cause changesin thethermal propertiesof theinsulating material. Usually, crushing
of aninsulating material containing air pocketstendsto push theair out and smash these pockets. These
changes result in not only an increase in the material’s density but also an increase in the material’s
thermal conductivity. For thisreason, it isimportant to understand the method through which the chosen
insulation material works such that changes caused by dropping or crushing can be accounted for when

determining or estimating material effectiveness.
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For most materials currently used for thermal insulation, decomposition during athermal accident
must be a design consideration. Typically, the decomposition of the material creates a large volume of
offgas. Very serious pressure buildups can occur if some type of pressure venting system is not included
in the package design. Most pressure release systems are simply holes drilled in the outer confinement
drum. These holes are typically small in diameter (less than 1 cm). Package designs with from one to
twelve pressure relief holes have been shown to be successful. Some holes are ssimply |eft open, whereas
others are sealed under normal conditions with some type of melt-out plug or Teflon™ tape, which will
disappear in thermal accident situations. The conseguences of not including such devices could be
severe, up to and including the possibility of outer confinement drum rupture, subsequent complete
combustion of insulating and shielding materials, and loss of containment. This decomposition process
can aso cause the loss of hydrogen atoms contained within the thermal insulation/impact-limiting
materials. The hydrogen present inthismaterial oftenispart of the package’s shielding system; therefore,

possible loss of material during thermal insult must be considered when designing shielding protection.

3.2.4.2 Payload with strong heat source

When material ssuch asplutonium or itsoxidesaretransported, radiated energy fromthematerial
will cause the interior portions of the package to heat, greatly complicating the matter of designing a
package to transport this material. Without the heat source, the only objective of the thermal design of
apackageisto keep heat from getting into the package. For the case with a heat source, heat generated
by the package content must be able to |eave the package whileit isstill necessary to keep accident heat
out of the package. In general, when thereisno heat source, the more effective the insulation material,
the better the job it will do. When there is a heat source within the package, a very effective thermal

insulation may cause the interior portions of the package to overheat even under normal conditions.
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Thereis no simple, fool-proof method for designing a package with a sizable heat source. The
easiest way to deal with such aproblem isto use alarge quantity of athermal insulation that is not the
most efficient available. However, this method is not necessarily the most economical route. Package
size or transport index (see Chap. 1) usually determines the number of packages that can be sent on a
single shipment. The larger the package, the fewer the number of packages that can be shipped in a
single load. For some packages, such as exclusive-use packages, this limitation might not be a major

factor, but it isafactor for smaller packages.

Other design strategies can be employed. One such design isto use heat transfer fins connected
totheinner container and protruding outward into thethermal insulation area. Thisdesign will facilitate
the transfer of heat out into the insulation and, in general, will keep the temperature near the inner
container seal lower than if the fins were not there. Obviously, the fins cannot protrude all the way out
to the outer confinement drum, because this would simply wick heat into the inner container during
insolated and accident scenarios. Thefarther out the fins protrude, the more effective they will not only
beat reducing inner container temperatures under normal uninsolated conditionsbut also at transferring
heat into the package under up-set conditions. If such adesignisto be used, it will be necessary to fully

analyze the package for both insolated and accident conditions.

Another possible design ploy is very similar to the preceding design. It is possible to use a
material just outside the inner container (or possibly just outside the heat source but within the inner
container)that hasarel atively high thermal conductivity(when compared withtypical thermal insulation).
Outsidethismaterial would be alayer of thermal insulation. The effect of the high thermal conductivity
material would beto spread out the heat generated by the package such that maximum temperatures near
the inner container seal would be less. This method can also be used inside the inner container to keep

the temperature of the content below a certain level, asis sometimes required to keep the content in a
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usable state. Thelayer of insulation would then provide thermal protection frominsolation and accident
heat sources. Onerecognizabl e problem with thisdesign strategy isthat thethermal insulation layer may
be damaged or breached by drop or crush tests, thus allowing heat almost directly into the package. This
possibility may beavoided by placing another layer of astructural material outsidethethermal insulation.
It is the rare case where there is enough room to accommodate such a three-layer cross section,

especially when minimal package sizeis desired.

Another thermal package design strategy isto make a package very massive. If the packageis
large and heavy enough, it will heat very slowly during athermal accident. This design method may be
acceptable for some exclusive use shipments, but in general, the cost of using such alarge package will
not be justifiable. Similar to this design strategy isthe idea of making a package, including all seals, all
metal. If the content can withstand a high temperature, this option may be feasible. However, metal
seals tend to have difficulties remaining sealed at the low temperatures required for packaging

certification.

3.25 Container Design Example Section

Many successful package designs have been certified as meeting government requirementsand
are now in use. These designs represent the culmination of a rigorous development process. It is
probably safe to say that the magjority of these design efforts, at some point during the design process,
had someinadequacies. This section discusses both successesand failuresthat have occurred in package
design within the weapons complex. Problems from previous designs are discussed in the hopes that
these pitfalls can be avoided in future designs; successful designsare presented so it will be unnecessary

to "reinvent the wheel" every time a new package is needed.
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3.2.5.1 Failed designs

As with any product that is continually being improved, some design proposals simply do not
perform very well. Most of these ill-fated proposals are weeded out early in the design process, but a
few may actually beincluded in package designsthat are built. Also, adesignthat initially worksvery
well possibly will not perform as well at alater time. This section attempts to describe some of the
problemsthat have been encountered with earlier weapons compl ex transportation packages. No doubt
thelist isnot comprehensive, and the list may need to be updated as new failures are experienced in the

future.

One package design, based on athin-shelled drum with Celotex™ asthe primary insul ation and
impact limiter, was designed such that some portions of Celotex™ were lessthan 7.5 cm (3 in.) thick.
Thisdesign was required because the inner container that had been designed was quite largein relation
to the outer confinement drum that had been selected. The inner container design was fairly typical in
that it was a cylinder with a bolted-flange lid at the top. Unfortunately, this flange design dictated that
the outer edge of the flange would be within 7.5 cm of the outer confinement drum. The flange area,
obviously, contained the seal that ensured containment of the package contents. During thermal testing,
Celotex™ degradation in this area was quite severe, and test results indicated that the seal had failed.
Hence, the package could not be certified for use as devised, and some reworking of the design was
necessary. Celotex™ in the area adjacent to the flange was replaced with a ceramic fiberboard that was
judged to be more resistant to thermal insult. Presumably, the ceramic fiberboard did not possess the
structural qualities of the Celotex™ (i.e., impact limiting); thus, not all of the Celotex™ was replaced.
Two issueswere partially responsiblefor thefailure of the package: heat that was conducted through the
Celotex™ to the seal and hot offgassesfrom the Celotex™ were reaching the areaaround theinner seal.

Thus, it was necessary to specify atighter packing arrangement such that gaps between layers of the
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ceramic fiberboard near the flange would be reduced and pathways for offgassesto the flange would be
minimized. The rework of the design has been successful, and subsequent thermal tests have been

passed.

Some packages had problemswith outer confinement drum closure designs. At first glance, this
type of design problem would be considered a structural flaw rather than a thermal problem, and in
reality the problems have been remedied with structural fixes. These problems are discussed in this
section because the package’sthermal performance was decreased dueto these structural inadequacies.
In one case, a package that had been certified for use was being re-evaluated for recertification. The
design was a simple drum-type package that used a cellulitic fiberboard for thermal insulation and
impact damage resistance. The outer confinement drum was closed by asimple retaining ring that used
asinglebolt for tightening. During the re-eval uation process, thelid came completely off one of the test
units. Thisresult was surprising, as extensive initial testing of the package, when it wasfirst certified,
showed no indication that lid loss was a possibility. This unexpected result did not result in athermal
failure only because the thermal test was not performed. Had the test been performed, a "worst
orientation” of the package for the test would have been one in which the package was inverted, and
presumably the inner container and the insulation would have fallen out of the package. Undoubtedly,

this "orientation" would have led to athermal failure.

A similar incident occurred to a new package that was undergoing initial certification testing.
Thispackagewasnot atypical drum-typedesign but rather wasalarge, thick-walled horizontal cylinder.
The design was basically two cylindrical half shells that came together at a flange on the horizontal
plane. The flange was bolted around the perimeter of the package. The package also had 12 pressure
relief holes (~ 1 cmdiam.) arranged symmetrically around the package (four rows of three holes every

90" around the package). When the package was drop tested, some opening at the corner of the flange
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occurred on some of the prototypes. The openings were as wide as 3 to 5 cm and up to 10 cm long
(around the corner). Although flange splitting to thisextent had not been expected by package designers,
some splitting had been expected. To combat this occurrence, the package interior near the flange had
been lined with an intumescent material that was supposed to expand when it was heated and fill any

gapsin the flange.

After the packages were thermally tested, the intumescent strip obviously had not been
successful; visual inspection showed no evidence of theintumescent material . Other packagesusing the
same cellulitic material for thermal insulation had been known to continue to burn and smoke for about
15 to 30 min after the end of the thermal test. The packages with the opened flange, on the other hand,
continued to smolder for nearly three weeks. Although the rate of burning of the material over thistime
wasobviously very slow, it was still anindication that temperatureswithin the package were quite high.
After the packages stopped smol dering, the packages were opened and the containment seals were till
intact. Nonethel ess, it did not seem certain that all packages of thisdesign that smoldered for suchalong
period of time would remain sealed, and the flange design was changed. Subsequent tests showed that

the flange no longer opens on impact.

It has been suggested that the continuous burning of the fiberboard was actually the result of the
large number of pressurerelief holes on the package rather than the opening of the flange. The argument
wasthat the placement of the holesal ong and around the package created somewhat of achimney effect.
However, for all the packages thermally tested in which the flanges did not open significantly, all
burning of package materials ceased within an hour of the end of the thermal test. Thisisnot to say that
the proliferation of pressure relief holes did not contribute to the problem of the packagesthat did burn.
Rather, it suggests that contribution to the burning of package materials by the vent holes was not

significant enough to cause package failure.
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Thelesson learned hereisthat if adesign allowstoo much of acellulitic material to be exposed
directly to the thermal conditions present during and after a hypothetical thermal accident test, the
material will more or less continue to combust until all of the material has degraded. Thus, precautions

should be taken during the design phase to ensure that exposure of such material islimited.

The use of holes in the outer confinement drum for pressure relief during thermal testingis a
design feature common to virtually all weapons complex transportation packages. To keep water from
entering the package during normal use conditions, these holes are often plugged with some sort of seal.
A common seal is made of plastic and melts when the package is exposed to conditions that would be
likely to cause package pressurization. One design called for the holes to be covered with a stainless
steel tape; however, it was not clear if the tape was on theinside or the outside of the outer confinement
drum. Apparently the designer thought that the tape would look good because the rest of the container
was also stainless steel. The designer had assumed that the tape would lose its tackiness during thermal
testing, allowing the vent holes to function as they were designed. When the first package was tested,
however, the tape sealed very tightly rather than peeling back. When the thermal test was complete, the
package was visibly bloated, and some people worried that it could explode. Eventually, the package
cooled and returned to its normal shape without incident, but the stainless steel tape was not used again

to cover pressure relief holes.

These are just a few of the problems designers have encountered with thermal aspects of
packages. Some of the reasons for failure are fairly obvious whereas others are not. Although it is
unlikely that a future designer will encounter these same situations, reading these examples may help

the designer think about possible malfunctions and fixesin a design he may be considering.
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3.2.5.2 Successful designs

Many package designs, have been successful. Ranging from very simple to quite complex,
packages with very small heat sources tend to have the more simplistic designs, whereas those with
sizable heat sourcestend to be more extravagant. This section will describe some of the various designs

that have proved successful over time.

The simplest and most common package design now used in the weapons complex isastainless
steel inner container surrounded by athick layer of material (usually cellulitic fiberboard) that acts as
both a thermal insulation and an impact limiter (Fig. 3.1). This layer is then surrounded by the outer
confinement drum, whichisgenerally constructed of either mild or stainlesssteel. Thisvery basicdesign
isusually used only for packages with contents that have a negligible heat output. If some very basic
design strategiesarefollowed, thispackage design can beeffective and rel atively inexpensive. Themain
concernswith thistype of design arethe use of the cellulitic fiberboard and its propensity to offgaswhen
exposed to high temperatures. This property makes analytical modeling of the hypothetical thermal
accident amost impossible unless an extremely conservative approach is taken. Offgassing
notwithstanding, thisdesign hasrepeatedly been ableto withstand the rigors of the hypothetical thermal

accident environment without loss of function.

A more sophisticated version of thisdesign usestwo layersof thermal insul ation/impact- limiting
material. Thesetwo layers are sealed off from one another by creating compartmentsfor thetwo layers
(Fig. 3.2). The outer most compartment contains the insulating material, which will be exposed to the
most severe thermal conditions. Due to compartmentalization. offgas from the outer most layer cannot
reach the outside of theinner container, but rather can reach only the outside of the metal wall that forms

the compartment. The insulation/impact limiting material used for theinner layer isdifferent from that
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Fig. 3.1. Basic package design using cellulitic fiberboard for thermal insulation/impact limiter.
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used on the outer layer. During physical thermal accident testing, some slight degradation of the inner
thermal insulation does occur. But, in general, inner containers withstand this type of test with amuch
smaller accumulation of offgas condensate on their outer surfaces then would the simpler design

described earlier.

For some packages with significant heat sources, it is very important to spread out the heat
quickly such that the content does not overheat. One method that has been employed recently isto use
an aluminum packing material inside the inner container to help carry off the heat coming from the
source (Fig. 3.3). Aluminumisan excellent conductor of heat and thusworksvery well for this purpose.
Initial designs for this package called for the use of aluminum shot to be used. The package is quite
small, and the weight of the shot was significant when compared with the rest of the package. As an
aternative, an aluminum packing very similar to aluminum straws was tried. This packing was just as
effective at removing heat at only about one-third the weight of the original aluminum shot. The ability
of aluminum to transfer heat so rapidly simulates a heat source the size of theinner container rather than
just the size of the content. In this design, the content is not constrained within the inner container, and

some shifting of the content may occur.

Another strategy used to keep heat down inside the inner container is the use of aluminum
conduction barsthat attach directly to the content and to thelid of theinner container (Fig. 3.4). For this
container, it was necessary to hold the content in place, and a polypropylene material was selected for
thisduty. Placement of the content iscritical such that thereisgood physical contact between the content
and the conduction bars; therefore, the conduction bars are built into the inner container lid such that
good contact there is assured. Thisdesign is effective, and there is no reason why other similar designs

could not be constructed. One possibility isto build an aluminum holder into the inner container
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Fig 3.3. Compartmentalized package design which reduces offgas flow to inner container
during hypothetical thermal accident.

Safety Design Guides.ch3/gs/11-7-94 3-29



1/4" CERAMIC PAPER—_]

— CONDUCTION BARS
DIRECTLY ATTACHED TO
CONTENT AND INNER
CONTAINER

0.03 STAINLESS STEEL

1/2° CERAMIC PAPER

1/4" CERAMIC PAPER

L
1

P T T T TN T T T T T T

10.00
[ 0.002 STAINLESS

z

STEEL FOIL
[~~— 1/2* CERAMIC PAPER

STAINLESS STEEL RING

’\’— 0.03 STAINLESS
STEEL LINER

STAINLESS STEEL BAR
OVERPACK LID AND BOTTOM

(DIMENSIONS IN INCHES) FA 943004

Fig. 3.4. Package design using conduction barsto direct internally generated heat out

Safety Design Guides.ch3/gs/11-7-94

of theinner container .

3-30



with the holder attached to theinner container sidewall. Hence, both purposes of helping to remove heat

while securing the content at a specific place are met.

3.3 CALCULATIONAL METHODSFOR PACKAGE DESIGN SCOPING

Several calculational methodswill apply to various aspects of a proposed package design. The
rigor with which it will be necessary to apply these methods will be design dependent. Internal heat
sources, if large enough to be of concern, will require more calculational rigor than those without a
source. The methods presented in this section are aimed toward basic design activities and are not

intended for use in a SARP, although some of them may apply.

3.3.1 Rulesof Thumb

A large number of packages now in the weapons complex have been certified for use. The
designs of these approved packages which leads to the genera rules of thumb given here. Not all
materials are covered here, but general rulesfor amaterial’s use may be developed by individualswho

have had experience with these other materials.

Celotex™, (afiberboard usually made of sugar cane fibers, although wood fiber isallowed), is
the most commonly used thermal insulation material in radioactive materials packages in the weapons
complex. Celotex™ isused in many applications for several reasons. The fact that this material isvery
effectivefor both thermal insul ation and impact resistance and rel atively inexpensive makesit apopul ar
choice. But, this material also has drawbacks that should be considered. Celotex™ beginsto decay at
temperatures between 120 to 135°C (250-275 °F). When exposed to a hypothetical thermal accident,

the Celotex™ beginsto decompose and leaves charred remains. Ingeneral, it hasbeen found that at | east
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2.5 10 3.75 cm of Celotex™ will char during atypical thermal accident scenario. Offgasses from this
processcan find their way through the Celotex™ to theinner container, creating temperaturesat theinner
container significantly higher than what would be predicted by amodel that considers only conduction
heat transfer through the Celotex™. Experience with this material showsthat athicknessof 9.0 cm (3.5
in.) is sufficient to protect the inner container from excessively high temperatures. This rule of thumb
should be applied with caution because extenuating circumstances, such as open pathways for offgas
travel, could cause unusually high temperatures at the package’s inner container. Also, for packages
weighing in excess of 200 kg, it is necessary to increase the amount of Celotex™ used. There is no
proven correl ation to determine how much additional insulation is needed, but increasing the Celotex™

thickness by 1 cm for every additional 20 kg of weight should be sufficient.

It is possible to estimate steady-state package surface temperatures for the noninsolated case,
based on Fig. 3.5. Thisfigure has been devel oped based on the discussion and subsequent examplegiven
in Subsect. 3.3.2. Steady-state surface temperatures are estimated by finding the package surface area
for heat transfer (to be conservative, usually only aportion of the areaavailablefor heat transfer is used
in this case, an upright cylinder with only the sides considered for heat transfer is assumed) and the
package heat-generation rate. For heat-generation rates not shown, it is possible to estimate the value
through interpolation. A package surface areaisfound on the X-axis, then avertical lineisdrawnto the
appropriate heat generation rate, and then a horizontal line is drawn to the Y -axis and the temperature
differenceisread. Thistemperature difference isthe difference between the temperature of the surface
of the package and the ambient air. It has been calculated for an ambient temperature of 37.7 °Cand is

most accurate when used for this condition.
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EXAMPLE 1 It has been proposed that avertical cylinder package with a side surface area of 2.0 m?
will carry acontent that createsa 10.0-W heat-generation rate. Requirementscall for the
maximum outside temperature of the package to be no more than 50 °C when exposed

to ambient conditions of 37.7 °C with no insolation. Can the package meet the criteria?

ANSWER Figure3.5, thelinefrom 2.0 on the X-axisisfollowed vertically to thelinethat represents
a heat-generation rate of 10 W. A temperature difference of between 0.7° and 0.8 °C
isread fromthe Y -axis. Thisdifferenceisavery approximate and rough estimation, but
the criteriawas for no more that a 22°C difference, and the difference found was less

than 1°C. Thus, this package clearly will meet the criteriafor this problem

3.3.2 Calculations Done by Hand

Themost useful calculationsfor the early design stages are simpl e cal cul ations done by hand or
with the assistance of simple computer software such as a spreadsheet. These calculations can be

performed for both normal conditions of transport and for hypothetical accident conditions.

Specific maximum temperatures on the outside of the packages for normal shaded conditions
of transport are specified in 10 CFR 71.43(g) and mentioned in Subsect. 3.2.2.1. Simple procedures can
be used to estimate the anticipated temperatures at the boundary of the package. Depending on how
these calculations are carried out, they can be either conservative or liberal. Either type of calculation
isusableaslong asthedesigner takesinto account their method (i.e. if the calculation isnot conservative
and the temperatures found are near the limit for the type of package being considered, arework of the

design should be considered).
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To solve for the steady-state, temperature at the boundary of the package for the uninsolated,

normal conditions of transport case, it is necessary to perform an energy balance on the package:

at steady-state Quema = Qou

where

Qinternal rate of internal heat generation (energy/time)

Gout rate of heat transferred to surroundings (energy/time)

Presumably, the package designer knows the maximum heat that will be emitted from the package
content. (NOTE: if the internal heat-generation rate is negligible, Quuema = 0, and the outer temperature
of the package will be the same as the temperature of the surroundings.) This quantity of heat must now
be dissipated from the package without heating the outer edge of the package past the temperatures
specified in 10 CFR 71.43(g). Heat transfer to the package’s surroundings will occur by both convection

(natural) and radiation:

Qot = Gooov T Graa
where
Qv = heat lost to surroundings via convection

Q.¢ = heat lost to surroundings via radiation
Several correlations relate the convective heat transfer rate to the conditions of the convecting

fluid (air). A very brief compilation of the simplest forms of these correlations is included in Table 3.1

below. The rate of heat loss due to radiation is governed by the following equation:
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Table 3.1. Simple convection heat transfer coefficient for air (W/m*-k)®¥

Laminar® Turbulent
Horizontal cylinder 1.319 (AT/D,)"* 1.243 (AT)'*
Vertical cylinder 1.417 (AT/L)* 1.312 (AT)*?
Flat plate, hot face up 1.319 (AT/L)* 1.519 (AT)*®
or cold face down
Flat plate, hot face down 0.586 (AT/L)"* N/A

or cold face up

2 Characteristic Dimensions (L;,D,) are defined in Table 3.2.

Note: Use Table 3.2 for turbulent/laminar determination.
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_Table 3.2. Determination of convective flow regime (laminar or furbulent)

State Laminar: 10 <X <10
Turbulent; ' 10° < X < 107
where
X = PrxGr
and
Pr = Cul/k
Gr = Lp%gBAT/p?
where
L = characteristic dimension [length for horizontal plates of vertical surface,
diameter for horizontal cylinders (length)]
p = density of fluid (mass/volume)®
B = coefficient of volumetric expansion

[volume/(volume)(degree abs)]*

C, = specific heat [energy/(mass)(degree)]*

k = thermal conductivity [energy/(time)(degree abs)]*
p = viscosity [mass/(length)(time)]*
AT = temperature difference between surface and bulk fluid temperature (degree)

g = local acceleration of gravity (length®/time)

* Evaluated at film temperature = (T, e + Tou)/2

Note: X, Pr, and Gr are dimensionless. Use consistent units when calculating them.
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Qua = oFLA(T* - T, ,

where
o = Stefan-Boltzmann constant [energy / ((area)(time)(deg abs)*)] ,
&, = overall interchange factor from body 1 to body 2,
A, = areaof Body 1 (area) ,
T, = temperature of Body 1 (deg abs) ,
T, = temperature of Body 2 (deg abs) .

This guide assumes that the reader is generally familiar with basic principles of heat transfer;
thus, a full derivation is not given here. Suffice it to say that the preceding equation can be simplified

for the current case such that the overall interchange factor is equal to the emissivity of the package, €.

Thus, Q. = o0eA(T-T.).

This equation can be solved in several ways, and the method chosen will depend on the state of
the package design. If no package dimensions have been set, these equations can be solved for the
minimum surface area needed for the package to maintain outer shell temperatures within the limit
specified by 10 CFR 71.43(g). If a package design is already on the drawing board, the surface area of
the proposed design can be used to determine the maximum outer temperature. If the temperature is
within allowable ranges, the design is acceptable with respect to normal condition, shadedthermal issues.
If not, it will be necessary to increase the surface area of the package, resulting in a decrease in the

maximum outer temperature reached by the package.
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Extreme caution must be used when applying avery simplified energy balance, such asthis, to
a complex object, such as a radioactive shipping container. This energy balance has assumed that the
surface temperature over the entire package is constant. For some simple container designs (i.e., drum-
type packages), thisassumptionisfairly reasonable, althoughin no caseisit conservative. For packages
of complex design, design scoping techniques such asthiswill not be asreliable. Because thisisnot a
conservative calculation, it will be necessary to build some conservatism into the calculation in some

other way (such as considering only a portion of the exposed package surface areq).

EXAMPLE?2 Calculation of steady-state, noninsol ated package surfacetemperature based on package

surface area and package internal heat generation rate.

Given: Vertical drum-type package 1.0 m tall, 0.50 m diam., internal heat-generation rate of 60 W,

package external surface has an emissivity of 0.80.

Find: Approximate maximum steady-state surface temperature when ambient temperatureis 37.8°C

and the package isin the shade.
Assumptions: All heat lost is through the side of the package. This heat transfer area has a uniform
temperature. (Note: the first of these assumptions is conservative, but the second is

not).

Find heat transfer area: A, =2xr,L, = (2.0)(r)(0.25)(1.0) = 1.571 m?. Assume that temperature will not

rise greatly (guess 5°C), and evaluate Prandtl and Grashof numbers at 37.8 ° C (see Table 3.2).
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PR = 0.72
GR = 2.100E8

X = (GR)(PR) = (0.72)(2.100E8) = 1.5128ES8; therefore, Laminar

Convective heat transfer coefficient (from Table 3.1):

h = 1.417(aT /L)

<

And, the convective heat transfer rate is then
= h, A, aT

qomv

The radiative heat transfer rate is

Qu = 06A (T, - T,

Guess a package exterior temperature of 5°C above ambient:

h, = 1.4175.0/1.0)* = 2.119 (W/m?k)

Qe = 2.119 X 1.571 X 5.0 = 16.64 (W)

Qu = 5.670x10* x 0.80 x 1.571 x (315.96" - 310.96°) = 43.89 W
Goat = Qi + Qoo = 43.89 + 16.64 = 60.53 W

Although this scenario is not exact, it is very close. The temperature at the surface of the
package is estimated to be 42.8°C. As mentioned earlier, this calculation is not strictly conservative, so
if the arrived at temperature was close to a limit specified by 10 CFR 71, it would be necessary to do

a more realistic calculation of the temperature.

When the steady-state outer surface package temperature has been found, a simple conduction

equation can be used to estimate the temperature profile inside the package. It is important to understand
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that this method is only an estimate, and that the equations being used were not developed for this

situation. However, if this method is applied conservatively, reasonable answers can be found.

McAdams gives the simple form of the conduction equation for a cylinder with concentric
widths of material wrapped around it:!

qcond:(kmx 2XnXL xAt)/(In(lexl))

where

Oonda = energy conducted through material (energy/time)

K = material thermal conductivity [(energy X length)/(time X area X degrees)|
L = length of material (length)

At = temperature difference (degrees)

X, X,  =radial distance from cylinder center, x,islarger than x,

The conduction equation used hereisfor the case of aninfinitely long cylinder with aninfinitely
long heat source located at the center of the cylinder such that symmetry is preserved in the radial
direction. The reason for assuming an infinitely long cylinder is that end effects are not considered. In
the previous examples, we assume that all heat was lost to the surroundings only from the side of the
package which in effect isignoring end effects or assuming an infinitely long cylinder. The tricky part
of applying this equation is determining the heat transfer area to be used within the package. A
reasonable and conservative manner of application is to assume that heat travels only in the radia
direction acrossinsulating materials, but cantravel radially and vertically acrossmaterialswithrelatively
high thermal conductivity (inner container and outer confinement drum). This method of applicationis

demonstrated in example 3.
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EXAMPLE 3 Under steady-state shaded conditions, estimate the temperature profile of a package

Given:

ANSWER:

containing a heat source.

Vertical drum-type package 1.0 mtall, 0.50 mdiam., internal heat generation of 60 W (note
this is the same as package in example 2, so we aready have the external surface
temperature). Theouter confinement drumis0.005 mthick. Insidethe confinement vessel
isthermal insulation/impact limiter whichis0.095 m thick and has athermal conductivity
of 0.04 W/m-K. Theinner container has an outer radius of 0.15 m, and is 0.015 m thick
and is0.75 mtall. Inside the inner container is afoam used to hold the source in place.
Thisfoam is 0.085 m thick and has athermal conductivity of 0.26 W /m-K. The sourceis
0.05 m thick and 0.5 m high. All parts are cylindrically shaped. Assume that the heat
generation inthe sourceissuch that thetemperature throughout this sourceisconstant. See
Fig. 3.6 for asketch of this package. Theinner container and outer confinement drum are

made of 304 stainless steel and have thermal conductivities of 13.4 W/m-K.

As previously mentioned, to be conservative, it should be assumed that heat travels only
radially through the portions of the package which contain materialsthat act asinsulators.
Thiswouldincludethethermal insulation/impact limiter material aswell asthefoaminside

the inner container.

We will start with the outside of the package and progress in because we already know the

surface temperature is approximately 42.8° C.
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Rearranging the conduction equation gives:

b = {[Gona X IN(X)] /(2% k xm x L)]} +1,

For conduction across the outer confinement drum:

qcond: 6OW
X, = 0.250m
X, = 0.245m

k = 134W/m-K
L =10m

t, = 42.80°C

{[60W x In(0.250/0.245)] / (2 x 13.4 W/m-K x 7t x 1.0)]} + 42.8° C

—
iy
I

Note: The bracketed portion reduces to units of K, but we are adding this to number expressed in° C.
Thisis correct because the quantity found in the bracketed portion is a change in temperature, and a

change (or A) in temperature units K isthe same asachangein® C.

t;, = 42.81440°Cor 42.81°C

It is expected that the temperature drop across a thin sheet of a highly conductive material would

be small, so thisanswer seemsreasonable. Next we need to determine the temperature drop across the

thermal insulation/impact limiter. For this step the selection of L will determine how conservative our

estimationis. Themost conservative choiceisto chooseL asthe height of theinner container (0.75 m).
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By making this choice, we are assuming that conduction through the insulation is strictly in the radial

direction from the inner container. Therefore:

i = {[Gona X IN(AX)] /(2% kxm x L)} +1,

For conduction across the thermal insulation/impact limiter:

Ocond = 60 W

X, = 0.245m

X, = 0.150 m

k = 0.04 W/m-k

L = 0.75m

t, = 42.81° C

t, = {[60w xIn(0.245/0.150)] / (2 x 0.04 W/m-K x & x 0.75)]} + 42.81° C

t, = 199.0°C

Note: thisisthe temperature at the outer surface of the inner container

Next we determine the temperature drop across the inner container. Because the inner container is
insulated on both sides by materials with relatively low thermal conductivitiesit isreasonable to assume
that the heat will spread out evenly across this metal container. While this assumption is not strictly
conservative, it is very close to being correct, and the expected temperature change across the inner

container isvery small. Therefore, very little error will be introduced with this estimation. We have:
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i = {0 X IN(AX)] /(2 x kxmx L)} +1,

For conduction across the thermal insulation/impact limiter:

oond = 60 W

X, = 0.150 m

X, = 0.135m

k = 13.4 W/m-k

L = 0.75m

t, = 199.0° C

t, = {[60w xIn(0.150/0.135)] / (2 x 13.4 W/m-K x m x 0.75)]} + 199.0° C

t, = 199.1°C

Note: thisisthe temperature at the inner surface of the inner container

Finally we determine the temperature drop across the foam inside the inner container. Because

thisis an insulating material it is prudent to assume heat transfer only in the radia direction from the

source. Therefore, we choose L to be the length of the source, 0.50 m. This gives:

i = {[Oona X IN(AX)] /(2 x kxmx L)} +1,

For conduction across the thermal insulation/impact limiter:
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Ocond = 60 W

X, = 0.135m

X, = 0.050 m

k = 0.26 W/m-k

L = 0.50 m

t, = 199.1° C

t, = {[60w xIn(0.135/0.050)] / (2 x 0.26 W/m-K x 7t x 0.50)]} +199.1° C
t, = 2721°C

Note: thisisthe temperature at the interface of the source and the foam surrounding it.

The temperatures found in this example are relatively high. It may be necessary to redesign the
package with material swhoseinsulating propertiesare not so good. Onthe other hand, the cal cul ational
approach was conservative, and it is possible to find material which operate properly at these

temperatures.

Each of the following examples has been extensively simplified. Techniques such as those
demonstrated by these examples are very useful in the early stages of package design. However, in no
way should these examples be construed as rigorous design calculations upon which certification
requests can be based. Rather, these types of calculations are good for determining if the general

specifications of a proposed design are worthy of further devel opment.
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3.3.3 Modeling Techniques

Complex package designsor designsfor which hand cal cul ations produceinconclusive resultsmay
require more in-depth cal culational methods to ensure suitable design. More in-depth methods require
that some sort of package model be developed. A widerange of techniquescan betermed “models’ and,
infact, exactly when acalculation ceasesto be just that and becomesamodel can be hard to define. For
the purpose of this text, a model is defined as a set of mathematical equations used to describe a
compl ete system that is complex enough to require acomputer to solve. Models can range from several
equations written on a spread sheet-type solver to advanced, three-dimensional models with literally
thousands of equations used to describe the system. The following sections attempt to describe some of

the techniques that can be employed to make models of packages for use during the design phase.

3.3.3.1 Simple modeling techniques

As previously mentioned, it is difficult to draw aline between simple hand calculations and
so-called models. The simplest model of a package can be devel oped on spreadsheet software. Many
software packages fit this description, but not all will suffice for the work at hand. To truly be useful,
the spreadsheet package must have the capability of iterating anumber of equationsto find an eventual
solution. If asoftware product doesnot have this capability, only “hand calculations” can be performed.
Thisisnot to say that there may be some advantages (speed and repeatability) to using the noniterating
spreadsheet when iterative approaches are not required. The capability of software to iterate greatly

facilitates heat transfer calculations.

One of the most common needsfor an iterative scheme isto calcul ate heat transfer rates due to

natural convection. For natural convection, fluid properties are based on a“film” temperature, which
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isdefined asthe average between the bulk fluid temperature and the temperature at the face of the solid
(or liquid) fromwhich (or to which) convection istaking place. The magnitude of the natural convection
heat transfer coefficient is determined by these fluid properties. Obvioudly, as the heat transfer rate
varies, so does the temperature at the surface of the solid (or liquid). Thus, after each iteration a new
film temperature is arrived at and, with it, new fluid properties. These properties are then used to find
anew heat transfer coefficient and then new heat transfer rates. The process can certainly be carried out
by hand, but the use of a computer with software capable of iterating greatly enhances the speed with
which the calculations are completed. Thisisjust one example of the need for an iterative solver, but

there are many other similar applicationsin heat transfer analysis.

Usually, during the design phase of package devel opment, there is no need for the accuracy that
these iterative methods provide. But if packages are to be certified based on analytical modeling (as
opposed to physical testing), it will definitely be necessary to employ methods with this type of
accuracy. It is not within the scope of this text to discuss analysis methods to be used for SARP
preparation. On the other hand, it may be advantageousto the designer to make design calculationswith
SARP-level precision and accuracy and then also use the calculations (likely with some minor
modifications) for submittal inthe SARPfor that package design. However, most packages, particularly

complex packages, require analysis and testing by competent certifying offices.

If package surface temperatures are the only quantity that needs to be calculated, a
spreadsheet-type application will usually suffice. If temperature profilesthrough the proposed package
design are needed, it may be necessary to use a software package based on devel opment of amodel that
physically representsthe package. Such modeling methodsincludefinite element, finite difference, and
finite volume computer codes. For thistype of analysis, amodel that is representative of the package

designishbuilt using a preprocessor software package. This model may be one-, two- or
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three-dimensional. Material properties and boundary conditions are then defined, and the main

processing (i.e., finite element solver) is completed. Results are then viewed using a postprocessor.

Each of these three sol ution methods has advantages and disadvantages, but for the most part they
are academic. That is, any of the methods can be used for the purposes here. Before a code is chosen,
it isimportant to make surethat the codeisthoroughly verified. Verification processes differ from code
to code but usually consist of aset of sample problemsthat have been run using the code. The problems
that are used are generally chosen becausethey have exact sol utionsand can often befound in textbooks.
Some codes verify by comparing solutions from one program to those of another program that has
already been verified. Either method may be used, but it would also be a wise choice for the end-user
to do someverification of hisown because verification problemsare often chosen such that each specific
problem tests one specific codeattribute. For example,one problem may test the convection heat transfer
algorithm, whereas another may test the radiation heat transfer algorithm. But, thisdoes not necessarily
show that when both (radiation and convection) are used in a single problem they will work correctly
in conjunction with each other. If asimple problem(preferably with an exact solution) that includes all
of the aspects of the code that are to be used in the modeling of the package can be formulated, this

method of benchmarking the code is recommended.

Codestypically selected for this type of application are termed conduction heat-transfer codes
and should have the ability to handle convective and radiative boundary conditions. Some newer codes
go astep beyond and actually model convection and radiation rather than just treating them as boundary
conditions. These codes are certainly acceptable and may be preferable if the package design includes

heat transfer design features outside of the typical layer of thermal insulation.
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The complexity of the proposed package design will determine the complexity of the model
needed to gather data. The majority of weapons complex packages are based on designs with a
cylindrical shape. Typically, amodel based on anradial coordinate system geometry (R-6-Z) would be
used. For most package designs, such as those based on the use of asimple drum, thereis symmetry in
the angular (0) direction (i.e., from the drum centerline the package design appears the same in al
directions). Thus, it is not necessary to model in the angular direction. That is, it is necessary only to

model an infinitely thin slice of the package, and the model reducesto an R-Z model.

Depending upon the analysis that is to be performed and the quality of the data that is to be
generated, it may be possible to reduce the model further to aone-dimensional model in either the R or
the Z direction. To make such asimplification, one must be very careful in considering the design of the
package and theinformation that isneeded. One casein which thereductionto aone-dimensional model
should not beemployediswhereasignificant heat sourceis present within the package, the reason being
that a one-dimensional model will not allow the heat from the source to spread through the package as
it actually would. It is possible to decrease the heat load such that an appropriate quantity of heat is
leaving the model, yet thismethod still does not properly model heat flow within the package. Although
correct surfacetemperaturescan bearrived at using thismethod, incorrect interior package temperatures

will be calculated.

3.3.3.2 Advanced modeling techniques

At times, standard modeling techniques are not adequate to describe the situation at hand. For

thermal issues, standard modeling typically describes convection, conduction, and radiation. But, there

are other possibilitiesfor heat flow. There are a so cases where the heat transfer is caused by one of the

three preceding methodsbut cannot be model ed using astandard heat transfer code. When either of these
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possibilitiesoccurs, it may be necessary to apply sometype of advanced heat transfer modeling technique
for problem solution. Such techniques are usually applied in one of two ways. Sometimesit is possible
to write a "user-supplied subroutine” to augment a pre-existing modeling package, or it may be

necessary to write a stand-alone computer code to complete the needed cal culations.

One common application for advanced thermal modeling techniquesin the Weapons Complex
Packaging Program has been for heat transfer due to offgassing of porous media during a thermal
accident. Typically, the thermal conductivity of the porous mediais known, but when actual physical
test resultsare compared with analytical calculations, peak temperaturesat theinner container arefound
to be higher in the physical test than were predicted by the analytical calculation. The mediain question
isknown to decompose at the temperaturesto which it is exposed. This decomposition process creates
large quantities of offgasses. The majority of these gases escape from the package through vent holes.
But some gases actually push through the porous media and through gaps between layers of the media.
Itislikely that most of these gases condense asthey pass through the media, but apparently some of the
gases do not condense until they reach the inner container. Upon condensation, heat isreleased and is

absorbed by the inner container.

This problem has been studied for some time, and no definitive solutions have been found.
However, some promising methods have been developed. One such method was an extremely
conservative approach that generated an estimate of the amount of offgas produced by the process, then,
using some very broad assumptions, estimated the quantity of heat that would be generated if all of these
gases were condensed. All of this heat is then dumped directly on the inner container. Thisis such a
conservative approach since the vast majority of the offgas is known to escape the package, yet, in this

model, all of the gasis assumed to reach the inner container.
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Another method being studied isto find, through rigorous experimentation and subsequent data
analysis, an effectivethermal conductivity for porousmedia. Itisnot clear if thismethod would takeinto
account pathways other than directly through the porous media (i.e., gaps between layers of the

media). Nonethel ess, early experimental results are encouraging.

Finally, the problem has been attacked on afundamental level, at which an attempt to actually
model the flow of the gases through and around the media is made. As yet, it is not clear if this
phenomenon can be successfully model ed. The mechanismsassociated withit arefairly well understood,
but very dight differences from one package to the next may make this form of modeling impossible.
The actual gapsthat exist between the layers of the mediamay differ significantly from one package to
another. Also the exact makeup of the porous media, such asdensity, may also differ from one package
to another. Seemingly minor differences such as these from one package to the next may make it

impossible for such modelsto actually predict what temperatures will be seen at the inner container.

34  TESTING NECESSARY TO MEET 10 CFR 71 REQUIREMENTS

The material presented in this section provides general information to be considered before
comprehensivetesting plansare made. Thissectionincludesinformation on both physical and analytical
methods of meeting 10 CFR 71 requirements. No attempt is made to recommend either physical or
analytical methods since either can be used with positiveresults. Similarly, thereisno recommendation
about specific forms of either analytical modeling or physical testing. There is no doubt, however, that
aprogram which includes some mix of both physical and analytical methods is most comprehensive. For
such aprogram, the usual strategy would be to examine many orientations via analytical methods, then

verify one or some of the analytical results with physical testing. Usually verification testing would be
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performed on the orientation which the analytical modeling suggested was the "worst case" scenario. It

may not always be convenient, necessary, or possible to use both analytical and physical methods.

Aswasmentioned, packagesmust meet requirementsfor both normal and accidental conditions.
For themost part, complianceto normal conditionsisshown with analytical techniques. Thisiscertainly
not a requirement but is usually the smplest method. For accident conditions, on the other hand,
compliance may be shown through physical testing, analytical modeling, or acombination. Two main
reasons are given for this distinction. For normal conditions, one set of conditionsisexplicitly defined,
and this definition includes package materials that are in a nondestructed form. On the other hand,
conditions required for a hypothetical thermal accident are dependent on a series of circumstances,
including a9-mdrop and a500-kg crush test (if required, see Chap. 2). Theresulting configuration must
then bethermally tested. Additionally, temperatures encountered under normal conditionsaresuch that,
generaly, no material decomposition takes place. Many packages experience some degradation of
materials when exposed to conditions present in a hypothetical thermal accident. Because there is
generally no impact on package condition due to normal thermal conditions, normal conditions of
transport are not included in the section discussing physical testing. However, the testing or analysis of

normal conditions of transport is still required.

34.1 Physical Testing Methods

Ingeneral, there arethree methods of thermal physical packaging techniquesthat are commonly

employed—pool-firetesting, radiant heat lamp testing, and furnacetesting—each withitsprosand cons.

Without attempting to recommend one method over another, Table 3.3 gives avery brief overview of

each of these methods.
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Table 3.3. Advantage and disadvantages of various thermal accident test methods

Furnace testing Advantages. Easily characterizable and controllable atmosphere.

Disadvantages. Lagtime at start-up (which can lead to package

overtesting), possibly not as hot as actua fire (though as hot as

regulations require).

Pool-fire burning Advantages. Truly ssimulates the accident intended by regulations,

Disadvantages: Can be affected by ambient conditions if outdoors,

can cause overtesting of package.

Radiant heatlamp testing  Advantages: Easily characterizable and controllable atmosphere.

Disadvantages. Can be hard to expose 100% of package to test

conditions.
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This comparison isin no way comprehensive, but an extensive review has been compiled by
Koski.®  Any of these methods can be used satisfactorily, but caution and good sense must be
exercised. DOE has issued guidance® regarding the various forms of thermal testing and how the

different types of testswill be judged in relation to 10 CFR 71.73(c).

If furnace testing is the chosen method of testing, it will be necessary to fully characterize the
thermal conditions within the furnace. Some work has been documented in this area by
Feldman, (29t ad 120 which may be useful to review. |If testing is to be performed by pool-fire
burning, it is suggested that the reader refer to work by Keltner et al.[*¥IlM a8 These reports of
papers discuss many of the aspects of thermal testing that must be addressed before a successful testing

program can be initiated.

Regardless of testing method, the actual testing of the package will be the culmination of a
rigorous planning process. The tester must be very certain that all aspects of the requirements are met.

As much pertinent data as possible should be recorded and saved to substantiate compliance.

3.4.2 Analytical Methods

Analytical modeling of packagesis commonly used in SARP preparation. The types of models
and modeling techniques that may be applicable for SARP documentation are very wide ranging. The
followingisavery brief discussion of someof the possibilities. Recognize that modeling cannot possibly
takeinto account thetotal response of the packageto athermal situation, so assumptions must be made.
For a SARP, these assumptions must always be conservative and the author must show that they are
conservative. Many instances exist in which it isnot directly clear which case isthe most conservative,

so it may be necessary to try several cases and then present the findings of each.
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Aswith all subject matter included in a SARP, the use of analytical modeling techniques must
beextremely well documented. Thisdocumentation includesproof that the computer code used actually
operates correctly. Verification is discussed briefly in Subsect. 3.3.3.1, and for SARP use this
verification is absolutely mandatory. Once verification is shown, selection of material properties must
be made. It is imperative that these properties be consistent with those used elsewhere in the same
SARP. Sometimes, material property given in a SARP will have arange of values, or properties used
for one cal culation would not be considered conservative if used in a different calculation. If one of
theseisthe case, it may necessary to use material properties different than those found elsewherein the
SARRP. If thisis case, the reason(s) for using property values different than those found in other parts of

the SARP must be fully justified.

Analytical techniquesare often applied to demonstrate apackage’sresponseto normal conditions
of transport. Thesetypically include determining both the maximum temperature at the package boundary
for the uninsolated case (only if the package contains a significant heat source) and the temperature
throughout the package as aresult of heating due to insolation. Results of such modeling efforts should

be thoroughly presented along with input decks used in the simulation.

Applying analytical techniquesto the hypothetical thermal accident is much more complicated
and in many cases cannot be done without the use of extreme conservatism. Thisapplicationisdifficult
for many reasons. M ost weapons compl ex packagesuse athermal insulation or animpact limiter, which,
when exposed to high temperatures, offgasses. This offgasing, as discussed earlier, tendsto changethe
mode of heat transfer and greatly complicates modeling efforts. Also, the hypothetical thermal accident
occursas part of aseriesof traumatic eventsthat the package experiences. Beforethe thermal event, the
package isdropped from 9-m onto an unyielding surface and in some casesis exposed to a500-kg crush

test. Most packages are deformed by one or both of these tests. It may be possible to analytically model
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the dropping and crushing of a package and then use the resulting mesh to model the thermal accident.
But, thereisstill aquestion of how the thermal properties of the deformed materials may have changed.
In some cases, there may be material property dataavailable. Thus, if one has athick-shelled package
that resists deformation when dropped and crushed and contains thermal insulation and impact limiters
that do not decompose when exposed to severe thermal situations, analytical modeling of the thermal
accident isstraight forward. Otherwise, the processiscomplicated and must be performed conservatively

to prove compliance and ensure certification.

Stresses imparted to the package due to thermal conditions must be considered. Specifically,
a thermal stressanalysisshould be performed on the normal transport model to determineif the stresses

would have any effect on the packages response to accident conditions.

35 QUALITY ASSURANCE

Quality Assurance (QA) activities for all related packaging activities must conform with the
applicable requirements of DOE Order 5700.6C, 10 CFR 71, Subpart H, or other relevant codes or

standards.

Theselective application of QA requirements, including thermal issues, beginsduringthedesign
phase. Engineering procedures should bein placefor the control of all activitiesduring the design of the
package. These approved procedures typically include control of design input, data and assumptions,

document control, design verification, control of software, and interface controls.

A nonconformance and corrective action system should bein place to handle deviations or non-

conformancesidentified during the design phase. Deviationsfrom requirementsand procedural controls
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should be documented and appropriate personnel identified to evaluate and disposition each deviation

adequately.

A recordkeeping system should be established and records of the design must be maintained

according to approved procedures.

Periodic internal assessments of the adequacy of the design control systems should be

accomplished by the Engineering organization to ensure the effectiveness of these controls.
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